A new pulse capillary discharge driver with a laser-triggered main spark gap has been developed. The assembled CAPEX-U device consists of a Marx generator, of a pulse forming line, a gas-filled laser-triggered spark gap and a ceramic capillary. Its design was supported by mapping of electrostatic fields in the most exposed regions and by analysis of an equivalent circuit. Operation of the laser-triggered spark gap was tested on a single-channel model. In the paper, the results of the modelling and of the first electrical tests of the whole device (capillary current and voltage at the end of pulse forming line) are presented.
Introduction
In the last few years, great progress in the development of very compact and practical x-ray lasers is observed. The motivations for the development of table-top soft x-ray lasers (which are sufficiently compact to fit onto a normal optical table) are numerous. These lasers will be routinely utilized in basic as well as in applied science and in emerging new technologies like − physics of thin layers and surfaces/interfaces, − materials science for real-time lattice dynamics, − phase transition studies, − element-state-selective radiation chemistry (so called molecular surgery), − micron-scale resolution radiography/interferometry/shadowgraphy of dense plasmas, − non-linear optics at ultrashort wavelengths, precise studies of atomic physics phenomena such as photoexcitation/photoionisation, inner-shell processes and threshold Raman processes, − development and testing of new kind x-ray detectors for various applications e.g. in biomedicine and astrophysics. The first observation of large soft x-ray amplification in discharge-created plasma was realized by Rocca et al. [1994] in the 3p-3s transition of Ne-like Ar at 46.9 nm. Several other laboratories (Department of Physics, Technion-Israel Institute of Technology, Haifa, Israel [A. Ben-Kish et al., 2001 ], Tomassetti's Physics Department, Univ. L'Aquila, Italy [A. Ritucci et al., 2002] ) also reported successful experiments with lasing on Ne-like Ar (λ = 46.9 nm). However, all the latter laboratories investigating soft X-ray lasers based on fast discharge in gas-filled capillaries lag significantly behind the Rocca's laboratory in Colorado State University.
Apparatus
With the presently used capillary discharge driver CAPEX the laser line at 46.9 nm dominating in the soft X-ray spectrum has been observed [Kolacek et al., 2003] . Nevertheless, this device has several drawbacks:
− the pulse forming line is firmly coupled to the Marx generator and mounted perpendicularly to its wall, therefore, the second capillary end (its high voltage side) is not axially accessible, − transverse dimensions of the pulse forming line are too small, what limits the charging voltage, the discharge current, as well as the pre-pulse flexibility, − the main spark gap works in a self-breakdown regime; thus, due to a relatively short pinching time of the discharge (~30 ns), it is practically impossible to synchronize the diagnostics with the main current onset. In this case, all the diagnostics have to be synchronised with charging of the pulse forming line and a reproducible switching of the main spark gap is difficult to ensure.
In the newly designed apparatus, all the above drawbacks have been avoided. The CAPEX-U experiment (its schematic illustration is shown in Figure 1 ) consists of a Marx generator, a fast capacitor (pulse forming line), a four-channel laser-triggered gas-filled spark gap and a ceramic capillary.
The oil-insulated Marx generator (used earlier at CAPEX) consists of 8 stages (each of them containing two couples of two 400 nF/100 kV condensers in series) with an erected capacity of 12.5 nF and an erected voltage of 800 kV (for charging voltage of 50 kV). Its short-circuit inductance is 14.2  µH and the serial resistance 5.7 Ω. As a pulse forming line we used a double coaxial cylindrical line of the dimensions Ø550 x Ø426 x 730 mm filled with de-ionized water. The inner part of the fast capacitor is filled with SF 6 . The four-channel laser triggered spark filled with SF 6 is situated at the end of the fast capacitor. The last main part of the apparatus is the ceramic capillary, which is attached to the spark gap. The system splitting the laser beam into four channels is situated on the opposite side of the fast capacitor. The focused parts of the laser beams are coupled to the rear side of the main spark gap in the fast capacitor. 
Modelling
Modelling of the device consisted of the three following main steps: mapping of electrostatic fields, analysis of an equivalent circuit and testing of a model single-channel laser-triggered spark gap.
Electrostatic field mapping
At first the Laplace-Poisson equation in the most exposed regions was solved using the QuickField application, in order to determine not only the minimum safe dimensions of the insulators and the optimum roundness of the conductor edges, but also mutual capacitances of individual components (with the help of these mutual capacitances an equivalent circuit was constructed). An example of the electrostatic potential distribution in the region of the spark gap, insulator and capillary at a potential of the coaxial line of 640 kV before breakdown is shown in Figure 2 . 
Equivalent circuit analysis
An equivalent circuit of the newly designed apparatus (Figure 3 ) consists of four main parts. The Marx generator is represented by a serial connection of capacitance C M , inductance L M and resistance R M . The coaxial pulse forming line (fast capacitor) is treated as an element with distributed parameters having ten identical parts (i = 1 to 10) (consisting of capacitance C i , inductance L i and resistance R i ). The simplified equivalent circuits of the four spark gaps system before and after the spark gap breakdown are different: before the breakdown the spark gap is represented by the capacitance C S only, after the breakdown it changes into a parallel combination of the capacitance C S and a serial connection of the inductance L S and the resi combination of capacitance C stance R S . Finally, the capillary is represented by a parallel ed spark gap was tested with various gases, two angles of incidence arious pressures, percentages of self-breakdown voltage and energies of the laser beam C , and a serial connection of the inductance L C and the resistance R C (900 Ω before and 0.5 Ω after the spark gap breakdown). The transient characteristics were calculated for two situations: before the breakdown of the spark gap, when the switch T is opened, and after this event, with changed parameters, when the switch T is closed. For a charging voltage of the Marx generator of 50 kV we calculated the capillary current amplitude to about 180 kA, the voltage at the end of the pulse forming line reaching 640 kV. The one-channel laser-trigger of the laser beam, v [Frolov et al., 2004] . The laser used for triggering the spark gap was a 1064-nm Q-switched Nd:YAG laser (Quantel Brilliant B) with a repetition rate of 10 Hz, but used in a single pulse operation mode. Its maximum optical energy was 850 mJ, pulse duration 5 ns FWHM, beam divergence 0.5 mrad and the output beam diameter 8 mm. The laser beam entered the electrode gap through a window and a hole in the anode (in the latter case the angle of incidence of the laser beam was 0°), being focused onto the surface of the ground electrode by a ƒ = 200 mm lens. The dependences of the main switching characteristics (delay and jitter) on the varied parameters were measured. Schemes of the experimental apparatus are shown in Figure 5 (in more detail the apparatus was described in Frolov et al. [2004] ). It was proved that for angles of incidence of the laser beam to the surface of the ground electrode 0 and 45 degrees both the delays and the jitters are very similar at high percentages (75-95) of the selfnd, the delays and jitters in both the configurations are subs -U have been realized. A typical ple is shown at the left in Figure 7 . With the help of photodiodes (situated at the front end beam splitting system), we checked operating condition of each channel in the selfbrea breakdown voltage. On the other ha tantially different at low percentages (50-75) of the self-breakdown voltage. The values of the delay and the jitter obtained in various experimental conditions are presented in Figure 6 . The most useful for us result was obtained at an angle of incidence of the laser beam of 45 degrees, in SF 6 at a distance between electrodes of 10 mm and 190 mJ laser pulse energy, i. e. in the conditions corresponding to the real ones. We used these results for construction of a low-jitter laser-triggered spark gap in our new-pulsed capillary-discharge driver CAPEX-U. 
Single-channel laser-triggered spark gap testing

Results
"shot" sam the laser kdown spark gap (the laser-triggered spark gap will be tested later). For a Marx generator charging voltage of 29 kV we achieved the highest capillary current amplitude of about 70 kA, at a voltage at the end of the pulse forming line of 500 kV. The measured parameters (namely the voltage at the end of the fast capacitor, the period and phase of the capillary current) of the device were found to be in a good agreement with the simulated data. Just the capillary current amplitude was significantly lower than the calculated value (by 30 %).
Conclusion
capillary current amplitude 55 kA.
We have designed and assembled the new pulse-ca the main drawbacks of the former apparatus CAPEX are pillary-discharge driver CAPEX-U, in which a "transparent" capillary, by a laser-triggered spark gap, and by increased the pulse forming line. The apparatus was modelled in three steps consisting in elec 
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Ro 73, 16, [2192] [2193] [2194] [2195] 1994 . removed. In particular, the device CAPEX-U has been upgraded by dimensions of trostatic field mapping, equivalent circuit analysis and testing of a single-channel laser-triggered spark gap. Experimental results of initial electrical tests show a good agreement with the simulated data (with the exception of the capillary current amplitude). The highest capillary current amplitude of about 70 kA was achieved at the voltage at the end of the pulse forming line of 500 kV. Now, a primary task for us is the testing of a four-channel laser-triggered spark gap. The next step will be the demonstration of lasing in a gas-filled capillary in Ne-like Ar (or other gas), which we hope achieve in a near future. 
